Introduction
Fire and herbivory are globally important consumers of above-ground biomass, but their impacts and extent vary greatly depending on the ecosystem. In some environments, fire and/or herbivory dominate the respiration flux of carbon to the atmosphere, whereas in others microbial decomposition is the dominant pathway. Even in systems where relatively little carbon is consumed the ecological impacts of these disturbances can be profound [1] . The local impacts of fire and herbivory are well described [2, 3] but their roles as agents in the earth system are still being elaborated [4, 5] .
The patterns of fire and herbivory on the globe today are heavily influenced by current and past human activities. Human impacts on fire are pervasive [6] , altering the extent of fire [7] , and also its seasonal patterns [8] . Archibald [9] estimated that over 20% of the globe is currently burning in a fire regime largely controlled by human activities. Similarly, many indigenous herbivore species have gone extinct or have been locally extirpated [10, 11] . These have sometimes been replaced by livestock, which represent a very different suite of functional traits from the original herbivore community [12] .
The advent in the 1980s of remotely sensed information on fire enabled a global perspective on current patterns of fire and the relationship between fire, climate and vegetation. This helped reduce uncertainties in the carbon cycle [13, 14] and illuminated the role of fire in driving community assembly [15] [16] [17] . These data have also challenged our understanding of the environmental controls of fire [18] and of patterns of fire in deep time [19] . It has been demonstrated how feedback between fire and fire-prone grassy vegetation maintain open ecosystems across large areas of the globe which could be forest [20] [21] [22] -i.e. the vegetation in these areas is determined not by climate alone, but by interactions between climate, soils and the top-down influence of fire. Process-based global fire models, which simulate fire behaviour in response to weather and fuels now exist and can be implemented in dynamic global vegetation models (DGVMs) [23] . This allows us to explore how the global firevegetation system will respond [24] and has responded to [25, 26] environmental change.
It is not currently possible to measure herbivory from space, and this represents a gap in our ability to describe the earth system [27] . Although spatial data have so far been absent, the degree to which herbivore consumers control global patterns of vegetation has been keenly debated [28] [29] [30] . It is likely that the global loss of large mammal fauna in the Pleistocene had cascading effects on ecosystems, altering vegetation and increasing the amount of fire [5, 31, 32] . Lehmann et al. [33] suggest that the differences in savannah extent between South America, Australia and Africa might be explained by the lack of large herbivores in the first two continents. It is certainly true that savannah vegetation extends far lower along the rainfall gradient in Africa [34] and that herbivores have been shown to play a role in keeping these systems open [35] [36] [37] [38] .
Bond [30] suggested that globally there are regions that are more likely to be fire controlled (black world), herbivore controlled (brown world) or resource controlled (green world), using evidence from DGVMs and when they depart from observed vegetation. He proposed that the degree to which resources, fires or herbivores control vegetation would depend on climate and soils-identifying Whitakers 'ecosystems uncertain' as areas where climate is not the dominant control and suggesting that within these areas herbivores dominate in higher-nutrient conditions, and fire in lower-nutrient conditions. From a biogeochemical perspective, McNaughton [1] suggested similar environmentally driven distinctions in the pathways for redistributing carbon to the atmosphere-with herbivory fluxes dominating in nutrient-rich environments.
It is important to view both fire and herbivory as multivariate phenomena. Just as net primary productivity (NPP) is not sufficient for characterizing vegetation globally, fire extent and biomass of herbivores are not sufficient for characterizing its two consumers. Fires vary in terms of their intensity, return time, size, season and type (crown, ground, surface). Herbivores vary in terms of their forage (grass, browse, fruit), body size, gut type, water requirements, social systems, and evolutionary history. All of these will determine the herbivory/fire regime that is apparent in a certain environment [12, 39] , and the impact of these consumers on the environment.
Here, we summarize current knowledge on the characteristics, constraints and impacts of herbivory and fire in grassy ecosystems. We then integrate spatial data on current fire regimes [39, 40] with spatial data on current [41] and past [12] herbivory in Africa (there are no spatial data on past fire). We describe the patterns of consumption across key environmental gradients in order to elucidate their various constraints and the extent to which they compete or enable each other in different conditions. We expect that the biogeochemical and ecological impacts of fire and herbivory should change across these gradients as the types of herbivores and fire regimes change, and as the susceptibility of the biota to these disturbances changes. We gather available data to test this idea-in particular, the idea that fire-controlled and herbivore-controlled ecosystems might represent alternative stable states. We contrast their biogeochemical impacts (in terms of carbon consumed and methane emitted) against their ecological impacts. We focus on mammalian herbivores for which we have quantitative data, but we discuss invertebrates-particularly termites-where we can.
Contrasting fire and herbivory
Although fundamentally different (fire is a physical process and herbivory a biological one) these two disturbances are both controlled by and control vegetation, and they interact on evolutionary and ecological timescales (table 1) . Fire is stochastic-ultimately constrained by the frequency and location of ignition events. However, it can respond immediately to changed environmental conditions. By contrast, herbivory is constrained by demographic and evolutionary processes, and it can take time for herbivory regimes to equilibrate with novel environmental drivers. Unlike fire, herbivory is relatively constant from day to day. As fire and herbivory both remove above-ground biomass, they clearly compete-but interactions of herbivores with fire can be more complex than this [42] : fire can increase both the availability and the quality of forage available to certain herbivores [43 -45] . Fire and herbivory are both amenable to manipulation by people, and the human impacts on fire and herbivory regimes globally have reverberated through diverse ecosystems, altering trophic structures and reassembling ecological communities [5, 6, 46, 47] .
One key way in which fire and herbivory differ is their selectivity. Fire has often been characterized as the ultimate non-selective herbivore [48, 49] . In fact, the ideal fuel/forage for fires and herbivores are different [50] , as anyone who has seen a fire delicately picking its way through a moist fuel-bed would agree. For herbivores, high-quality forage represents green leaf material with a low C : N ratio and a high bulk density (biomass concentration [51 -53] ). Given these constraints, herbivores will be more/less selective depending on their body size and gut type (figure 1a). For fires, a high-quality forage (flammable fuel) is very dry, has a low bulk density and a high C : N ratio [60] . Fires can be highly selective (only burn dry fine fuels) or less selective (also burn wet material and coarse woody fuels) depending on the fire intensity (figure 1b). Finally, fires require continuity in space (a disconnected fuel bed will put out a fire) whereas mammalian herbivores can handle discontinuities in space, but require a certain amount of continuity in time in order to maintain populations (table 1) . Invertebrate grasshoppers/caterpillars are subject to similar forage quality constraints as mammalian herbivores, but unlike mammals they show strong seasonal dynamics. Termites (especially those in the genus Macrotermes, which frequently dominate in savannahs) tend to be more similar to fire in their forage selectivity and principally take dead/dry material [61] .
Environmental controls of fire and herbivory
Given this understanding of the differences between fire and herbivory, we can develop expectations on the environmental conditions which should promote each consumer. Current theory suggests that fire is limited by fuel amount in lowrainfall systems, and fuel 'availability' in high-rainfall systems (i.e. the fuel is too wet), so that intermediate rainfall [62, 63] . This is corroborated at global scales-with area burned reaching a maximum at approximately 1000 mm mean annual precipitation (MAP) [19, 64] . Temperature can influence this pattern by increasing fuel availability in wet systems and decreasing fuel amount in dry systems [65] . Rainfall seasonality can affect this pattern by increasing fuel availability in wet systems (figure 2a).
One expects similar constraints on herbivory, where lowrainfall areas lack the biomass to support high herbivore numbers, but in high-rainfall areas the forage is of very low quality or too high above the ground for animals to use it (unavailable). Soil fertility should impact this pattern by improving forage quality in high-rainfall systems, thus increasing the realm where mammalian herbivory can be an important consumer [66] (figure 2b). Moreover, inter-annual variability in rainfall should act to reduce herbivore numbers below what would be expected for that system-because herbivores, unlike fire, are constrained by demographic processes [67] .
Thus, we expect both fire and herbivory to have unimodal responses to rainfall (figure 2). However, because herbivory is more constrained by soil nutrients and fire by fuel connectivity we expect some divergence in their distributions-with herbivores dominating in low-rainfall high-nutrient areas (where forage is patchily distributed but often edible), and fire dominating in higher rainfall low-nutrient environments (where forage is plentiful and widespread, but with very high C : N ratios) [68, 69] .
This general pattern is complicated because the 'intermediate rainfall' region described above also happens to be dominated by grasses, which are highly flammable, decompose slowly and regrow lost biomass quickly [70] . When these fuels are replaced by understory forbs and shade-tolerant grasses the extent of fire declines [71, 72] . Thus, the particular plant functional types present can affect the probability that fuels will ignite and can expand the regions where fire is an important consumer. Likewise with herbivory, for the same environmental conditions the type of forage available will certainly impact the degree to which this is consumed by herbivores, and this is not always directly controlled by rainfall/soils, but can be a consequence of feedback between herbivores and their forage plants [51, 73, 74] . Thus, to a certain extent, herbivores and fire can be said to construct their own environments [1] .
Interactions between fire and mammalian herbivory in grassy systems
These two consumers can interact directly (fires have been known to kill herbivores), but generally they influence each other via their effects on vegetation structure (in the short term) and vegetation composition (over longer timescales) [75] .
(a) Fire and grazers
Fire competes for available fuel with grazers, but is the inferior competitor: confined to the dry season it can only consume the productivity that remains after continuous grazing offtake throughout the growing season. In the short term, grazer presence therefore alters vegetation structure to the detriment of fire. By contrast, fire can alter vegetation structure to benefit grazers: the nitrogen-rich green regrowth after fire during the dry season is an important resource helping grazers to survive until the next rains [76] . Sometimes this new regrowth does not occur until the next rain event. Here, the interaction becomes competitive: an extensive fire would deplete reserve forage at a critical point in the seasonal cycle [77] . The long-term effect of grazing via grass community composition is negative for fire: flammable grasses tend to grow tall, resprout vigorously from stored reserves and allocate resources to accumulating large above-ground biomass [70] .
They are often particularly sensitive to repeated defoliation from heavy grazing [78, 79] . The grazing-tolerant grasses that replace these are much less flammable, with very low aerial cover [80] . Continuous high grazer numbers can therefore reduce flammable grasses in an ecosystem [75] . Similarly, positive feedback between fire and flammable grasses can prevent the spread of short-grass communities: large frequent fires disperse animals throughout the burn and relieve grazing pressure on any one point in the landscape [81] [82] [83] . This allows grazing-sensitive tall grasses to maintain their competitive dominance [82,84] and in turn promotes more fire. Fire thus acts to maintain its preferred habitat through forage preference index combustion completeness
Grant's gazelle oryx impala hare waterbuck hartebeest warthog zebra Figure 1 . The characteristics of fire and herbivory alter their behaviour and impacts. Forage selectivity decreases with body size and non-ruminant gut type for herbivores (a) and decreases with fire intensity for fires (b). Selectivity is quantified as the degree to which herbivores are attracted by high-quality forage (data from [54] ) and the percentage of available fuel that is burned by a fire (data from [55] ). By contrast, methane emission factors (grams of methane per kilogram consumed) increase with body mass and ruminant gut-type ((c), data from [56] ) and decrease with fire intensity ((d), data from [57, 58] , fuel moisture is a strong driver of fire intensity [59] ). rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150309 reducing heterogeneity of grazing and preventing short-grass communities from developing.
(b) Fire and browsers
Large browsers such as elephant open up closed-canopies to allow grasses (and fire) to penetrate [85] ; and browsers of all sizes maintain high herbaceous fuel loads by preventing recruitment and establishment of mature trees [86] [87] [88] . Reciprocally, browsing can be promoted by intense fires as they top-kill woody plants [89] [90] [91] so frequent fires keep forage within browse height [45] . These reciprocal impacts have been formalized by Van Langevelde [92] .
The longer-term interaction between fire and browsers via effects on woody species composition has not been investigated but is probably neutral. Fire and browsing certainly select for very different woody functional traits [93, 94] but fire-adapted species are not necessarily less palatable than browser-adapted species, and in fact, are often preferred by browsers [95] . One further complication is that many browsers appear to avoid the tall grasslands promoted by fires: black rhino and impala presence is higher in short-grazed environments [96] . If so then there might be some negative impacts of fire on browsing via impacts on grassland structure (and positive interactions between grazers and browsers).
(c) Expected consequences of these interactions
The expected effect of grazer numbers on fire extent is clearly negative, but this response is unlikely to be linear. Fire spread is a percolation process and there should be thresholds of grazer activity where fire suddenly drops out of an ecosystem [97] . The exact threshold would depend on rainfall with more grazers (or different types of grazers [98]) required to exclude fire in more productive systems.
The effect of fire on herbivore numbers must, of necessity, be via demographics: altering fecundity or mortality. In the short term, changes in the quantity and quality of forage after a fire event affect critical dry-season forage resourcesinfluencing survival of both grazers and browsers [99] [100] [101] . The longer-term consequences of fire-driven changes in grass community composition for grazers are complex. Modelling work suggests that grazing lawns can increase both fecundity and yearling survival by providing high-quality food resources throughout the growing season [102, pg. 251]; [103] . If so, fire would negatively influence grazer numbers by preventing the spread of grazing lawns [83] . However, while the tall bunch grasslands promoted by fire are not preferred forage for most grazers [75, 104] , they can potentially reduce mortality in times of drought when other food sources are depleted [105] . Thus, the ideal balance of tall grasslands versus short-grazed grasslands for grazer performance is not known.
Overall, therefore, we expect (i) positive effects of browsers on fire through controlling woody encroachment but (ii) complex responses of browsers to fire, with fire keeping woody forage within browse height, but potentially reducing its total amount and promoting less-desirable tall grass habitat, (iii) strong negative responses of fire to grazers due to both strong competition for available fuel as well as negative associations between the grass traits associated with grazing tolerance and flammability and (iv) complex responses of grazers to fires-depending not only on the spatial pattern and frequency of fire, but the environmental conditions and the genetic composition of the grass sward ( potential for grazing lawn development [106] ).
Evidence for multiple stable states through grazing-fire interactions
Most previous assessments of regime shifts and alternative stable states in relation to fire and herbivory have focused on the tree layer: Van Langevelde [92] modelled the role of fire intensity mediated by grass biomass on the probability of canopy closure and fire exclusion (grass biomass being positively and negatively affected by browsers and grazers, respectively). However, in this model grazing, browsing and fire frequency were external parameters. From our discussion mentioned above, there is sufficient evidence to suppose that fire and herbivory do in fact interact, and that each consumer can act to either promote or exclude the other. The expected outcomes of these interactions support the idea that fire and grazer ecosystems could be alternative states [34] . Given that (i) grazing promotes the spread of short-grass patches and bare ground [82, 84, 107, 108] , (ii) fire impedes the spread of short grass [82, 83] and (iii) there is a threshold proportion of short grass at which fire is excluded [109] , one can expect hysteresis in the system (figure 3). Shortgrass areas increase with grazer density, but increase more slowly in a system where fires occur. Once a threshold proportion of short-grass is reached, fire drops out, and the system switches quickly to a grazer-dominated system with a large proportion of short-grass. At this point, it would take a substantial reduction in grazing pressure to reduce the proportion of short grass to the point that fire could start to spread again. Theoretically then, fire and grazer ecosystems could represent alternative stable states. Figure 3 . Indicating the possibility of a hysteresis driving the distinction between a herbivore (grazer)-dominated ecosystem state and a fire-dominated state. Modified from the example for shallow lakes from [110] . With fire in the system, grazers have less impact on grassland structure, and more of the landscape remains tall-grass able to carry a fire. It takes more animals to switch fire off than it does to allow fire to re-emerge as a strong consumer. This dynamic depends on the strong threshold response of fire spread observed in field data and expected from theory [97] . In this model, grazer numbers are independent of both the proportion of short grass and the presence of fire-an assumption that is unlikely to be realistic.
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Complexity arises because the number of grazers is not an independent driver in the system (see [110] for a discussion of this requirement). As discussed above, grazer population dynamics are probably affected by both the proportion of short grass in a system and the presence of fire. If the spread of short-grass patches reduces grazer performance, [111] figure 3 would be insufficient to describe the system.
Long-term datasets to test these ideas are rare. The best quantified example comes from the Serengeti: rinderpest kept wildebeest numbers very low for the first half of the twentieth century [37, 112] resulting in a system which burned extensively and frequently. After the elimination of rinderpest, the extensive fires did not prevent wildebeest numbers from increasing (i.e. apparently neutral effect of fire on these herbivores). At some point, however, increased grazer numbers did appear to drive a rapid reduction in fire [113] , which has persisted to present. Currently, about 40% of the Serengeti National Park burns each year, compared with the estimates of 70-80% in the 1960s. These observed data fit with patterns in figure 3 , but a true test of the theory would involve reducing wildebeest numbers again and seeing whether fire remains low.
Equating fire and herbivory biogeochemically
Fire and herbivory offer two alternative pathways for carbon release to the atmosphere (a third being decomposition by microbes). For herbivores, the amount of biomass consumed depends on the total number of animals, and the sizes and feeding efficiencies of these animals: larger animals and ruminants eat less per kilogram of body mass than small animals and non-ruminants [114] . For fire, the amount of biomass consumed depends on the total burned area, as well as the intensity of the fire and the fire return time [115] . More intense fires consume more biomass per square kilometre burned.
Animals emit about four times as much methane (CH 4 ) per unit of dry matter consumed as fire does, respiring under lower oxygen conditions than most fires burn ( figure 1c,d) . Therefore, replacing herbivory with fire in an ecosystem (or vice versa) can have large impacts on greenhouse gas emissions. Moreover, larger herbivores emit more CH 4 per kilogram dry matter consumed, and ruminants generally emit more than double the CH 4 of non-ruminants (figure 1c [56] ). This opens options for changing the type, but not the total biomass of herbivory as a method to manage carbon emissions [56] . Similarly, smouldering fires burning through green vegetation emit three to six times as much CH 4 as flaming combustion in dry fuels (figure 1d [57] ), and altering the season of burning has also been suggested as a climate mitigation option [116] . Consequently, spatial patterns of CH 4 emissions by fire and herbivores depend on both the amount and type of these consumers (figure 1; electronic supplementary material, figures S2 and S3).
Both fires and herbivory increase availability of nutrients, which would otherwise be tied up in biomass [1] , and they both also redistribute nutrients laterally-sometimes between the terrestrial and ocean ecosystems [117, 118] . Within an ecosystem, herbivory is generally more efficient at recycling nutrients than fire, where phosphorus and nitrogen are lost in ash and by volatilization, respectively [75, 119, 120] .
Clearly then, although fire and herbivory can be equated in terms of how much carbon they consume (dry matter intake per year), their differential ecosystem impacts (both biogeochemically and ecologically) make it important to understand the full consequences of changes the relative dominance of these consumers over time and space. Africa presents an opportunity to explore how the relative extent and abundance of fire and herbivores-and thus their interactive effects and influences on biogeochemical cycling-change along environmental gradients.
Material and methods (a) Data acquisition and study region
Data on fire and herbivory were produced at quarter degree (0.58 Â 0.58) resolution for sub-Saharan Africa. Median area burned, maximum fire size, fire radiative power and fire season were quantified using methods in [39] . The distribution of cattle, sheep and goats from [41] were degraded to 0.58 Â 0.58 from their original 1 km resolution by taking the median value. To account for the continued presence of indigenous wildlife in most African ecosystems (albeit in drastically reduced numbers) we used the data from [12] -recalculated to quarter degree resolution-as an index of potential herbivore numbers. We then reduced these values based on (i) conservation status, (ii) human footprint index [121] and (iii) area converted to cropland. See the electronic supplementary material for a full description of the methods for deriving current day herbivory. In practice, livestock dominated the current herbivory signal and account for 90% of current biomass. Although we have no spatial information on past fire we used the Hempson [12] data on past herbivory for comparison where appropriate. Information on body mass, gut type, forage preference, etc. was compiled for each herbivore species (indigenous and livestock).
The TRMM data product [122] was used to calculate MAP. The FAO Harmonised World Soil Database [123] nutrient availability index incorporates the effects of soil texture, soil organic carbon, pH and total exchangeable bases and ranges from 1 (high nutrients) to 4 (low nutrients). For ease of visualization, we normalized this index to a value between 0 and 1 (with 0 being low nutrients). The MODIS NPP data product MOD17A3 (degraded from 1 km to 0.58 Â 0.58) was used to quantify proportion of NPP consumed by fire and herbivory. As this is a remotely sensed product, its values are already somewhat influenced by herbivory offtake throughout the year. See the electronic supplementary material for a detailed evaluation of global NPP products and discussion on continental-scale soil nutrient data.
(b) Dry matter consumption and methane emissions
Dry matter consumed and methane emitted by wildfires were quantified using the data and methods from the GFED4.1 database [124] (http://www.falw.vu/~gwerf/GFED/GFED4). This dataset uses a modified Tier 2 methodology: quantifying area burned from remotely sensed data, modelling available biomass using the CASA model and estimating combustion completeness and emission factors from look-up tables for different vegetation types. We averaged the 0.258 data to 0.58. Herbivore dry matter consumption was estimated using the standard IPCC approach [125] where DMI ¼ dry matter intake in kg day 21 , BW is live body weight in kilograms and NE ma is the estimated net energy concentration of diet in MJ kg 21 . We used a default value of 6 for NE ma .
Methane emissions were calculated from the equations in [56] . These equations were produced by fitting two allometric equations (one for ruminants and one for non-ruminants) to a rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150309 dataset of more than 100 records from 42 different wildlife species spanning bodysizes from approximately 3 kg to more than 3 tons. To produce a total DMI and CH 4 emission for each pixel (currently and in the past), the species specific DMI and methane emitted per year were calculated separately, multiplied by the calculated number of individuals in each pixel, and summed across herbivores, or across functional types as appropriate. See the electronic supplementary material for discussion on the accuracy of these methods compared with other estimates.
(c) Analyses
All statistical analyses were performed in the R statistical computing software v. 3.2.3. Environmental patterns of fire and herbivory were assessed by calculating the median herbivore biomass and area burned across 50 mm rainfall bands. These were plotted against rainfall and a loess smoothing line fitted through these points. To distinguish regions in MAP-soil nutrient space where fire versus herbivory dominate consumption, we identified all points where DMI_H . DMI_F, plotted these against MAP and nutrients and fit a density plot to these points. We did the same with all points where DMI_F . DMI_H. We calculated the ratio of DMI_H to DMI_F and fit a multiple linear regression to the logged data with MAP, soil nutrients and their interaction as predictors. We used the diptest package in R to test for bimodalities in the proportion of consumption, which occurs by fire versus herbivory in different rainfall bands.
We chose a very simple method for identifying consumer realms. From the raw data on percentage burned and kg herbivores, we divided the data pixels into (i) green world: where both burned area and total herbivore biomass are less than the median value for all points, (ii) brown world: where herbivore biomass but not burned area is greater than the median value, (iii) black world: where burned area but not herbivore biomass is greater than the median value and (iv) fire-herbivory world: where both burned area and herbivory are greater than the median value. This classification simply identifies regions where fire and herbivory are more/ less than one would expect on average and is not an indication of differences in dry matter consumption (which is considered elsewhere).
Analysis of herbivory and fire in Africa (a) Environmental constraints
As expected, mammalian herbivory and fire separate out along a rainfall gradient (figure 4a). Current herbivory peaks at approximately 670 mm MAP and current fire at approximately 990 mm MAP. Before indigenous herbivores were replaced by cattle, bulk feeders extended herbivory into higher rainfall areas than cattle can currently [12] but even in the past herbivore biomass peaked at approximately 690 mm rainfall (figure 4a).
This pattern persists when one considers dry matter consumed instead of herbivore density or burned area (figure 4b). At MAP below 590 mm, herbivores consume more biomass than fire does per unit area. After this fire quickly takes over and at its peak, at approximately 1000 mm rainfall, is consuming 25 times more biomass than herbivores (figure 4b). Even when megaherbivores such as elephants and rhinos were spread throughout Africa, biomass consumption by fire probably exceeded that of herbivores above approximately 610 mm MAR because the amount consumed by fire increases very steeply at this point. These results confirm previous observations that herbivore-adapted plants are more common at lower rainfalls, and fire-adapted plants at higher rainfalls [126] ) and the classic distinction between dry (rich) savannahs and wet (poor) savannahs in Africa [1, 68, 69] (figure 5).
Although herbivore and fire consumption can approach 100% of above-ground NPP in certain regions (electronic figure S5 ), on average, the proportion of above-ground NPP consumed by fire and herbivory is much lower-ranging from approximately 10 to approximately 40 per cent depending on rainfall (table 2) .
Despite clear differences in their preferred environmental conditions herbivores and fire appear to co-occur over large environmental gradients: both burned area and herbivore biomass are maintained at more than 50% of their maximum between 670 and 950 mm MAR (figures 4a and 5d), a rainfall band encompassing a large proportion of the current savannah biome in Africa. Interestingly, these high herbivory, high fire regions are currently more prevalent in northern Africa than in the south and east (figure 5d). In terms of dry matter intake, the rainfall regions where neither fire nor herbivory consumes more than 80% of the total range from 490 mm to 810 mm and above 1890 mm (figure 6a). Two questions arise from this-if one accounts for differences in soil conditions, does this region of overlap become smaller? And secondly, is this true coexistence, or, as some authors have suggested [34, 96] , is there evidence for alternative states-either herbivore or fire-controlled-in these regions of apparent overlap?
(b) The role of soil fertility Soil nutrients clearly affect the prevalence of fire and herbivory (figure 6b). As expected (figure 2) high soil nutrients can increase the relative consumption by herbivory at high rainfall, and low soil nutrients can increase the relative consumption by fire at low rainfall (figure 6b). At very high rainfalls (above approx. 1500 mm) neither consumer clearly dominates. These rainfalls encompass forest vegetation in Africa, where the grassy understory drops off and fire and Table 2 . Percentage of NPP consumed by fire and mammalian herbivory by rainfall bands. This is reported against total NPP, so on average nearly 40% of above-ground NPP is consumed between 900 and 1200 mm MAP. There are many pixels (approx. 10% of the data points) where we estimate that consumption by fire and herbivory is approximately equal to above-ground NPP (see electronic supplementary material, figure S5 and discussion). herbivory are no longer clear competitors [33] . A multiple regression confirms that both rainfall and soil nutrients and the interaction between the two are important for predicting the ratio of dry matter consumed by herbivory versus fire (electronic supplementary material, table S2).
(c) Evidence for alternative states
On average, therefore, both fire and herbivory co-occur across wide environmental gradients. However, at a pixel level biomass is either consumed by fire or herbivory. Density plots by rainfall band of the proportion of total consumed dry matter due to herbivory indicate a bimodality from 400 to 1000 mm MAR and above 1600 mm MAR (figure 7: diptest, p-value less than 0.05; the proportion consumed by fire is the compliment of this figure as we have no data for invertebrate herbivory). The bimodality persists when one accounts for soil nutrients. However, low-soil fertility (soil nutrient index , 0.5) grid cells only had a bimodality at 400-600 mm MAR and above 1600 mm MAR. High-soil fertility (soil nutrient index . 0.5) grid cells only had a bimodality at 600-1000 mm MAR (electronic supplementary material, figure S7 and table S3). Therefore, currently in Africa it is far more common to have a herbivore-dominated or a fire-dominated system and over the entire environmental gradient there are very few grid cells where both fire and herbivory consume significant proportions of biomass. Whether this was also the case in the past is impossible to know. The mechanisms driving these patterns are not yet clear ( figure 3 ), but as expected the response of burned area to grazer biomass is negative and nonlinear (electronic supplementary material, figure S8 )-dropping off steeply at grazer densities from 1500 to 3000 kg km 
(d) Effects and realms of influence
Fire consumes six times more dry matter than herbivores do, but emits only 20% more CH 4 (table 3). In the past, herbivores probably emitted more methane than fires did at a continental scale (table 3) . These effects are clearly spatially distinct-with emissions and consumption by herbivores occurring predominantly in low-rainfall savannahs: below approximately 700 mm rainfall ( figure 5b,c) . Historical herbivory consumption was higher than today, but only due to elephants. If you exclude elephants then current herbivory has more than doubled the dry matter consumed by mammalian herbivores. Regions with high-burned area versus high herbivore biomass are about equal in extent (4.05 Mkm Above approximately 800 mm, MAP fire return periods are annual/biennial, with regrowth rates sufficient to produce intense fires (electronic supplementary material, figure S4 ). As MAP decreases so do the frequency and the intensity of the fires; but browser and mixed feeder densities show a strong peak at approximately 500-700 mm rainfall (electronic supplementary material, figure S4 ). This aligns with empirical evidence that fires alone can control woody structure above approximately 800 mm rainfall [20, 72] but that both fire and browsing are required to keep woody species suppressed at lower rainfalls [86] [87] [88] 92] . It also corroborates Lehmann's [33] explanation for the differences in savannah extent across continents (electronic supplementary material, figure S4 ).
Discussion
Bond's [30] three worlds-brown, black and green-are clearly apparent regionally across Africa. They prevail under different environmental conditions. Consumption by fire and herbivory reaches a maximum (approx. 36% of above-ground NPP) between 900 and 1200 mm rainfall (table 2), so green world clearly prevails at both very low and very high rainfalls as expected. On average, there is a gradual shift from herbivore consumption to fire consumption along a rainfall-soil nutrient gradient (figure 6) but at a specific location biomass is predominantly consumed by either fire or herbivory-seldom both (figure 7). These alternative states currently occur from 400 to 1000 mm MAR. Theoretically ( figure 3 and above) , there is positive feedback between heavy grazing and short, lawn-grass communities which exclude fire, and there is rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150309 similar feedback between frequent fire and tall, fire-prone grass communities which limit herbivory. This leads us to predict that the same ecosystem can switch from being largely firedriven to one controlled by grazers and herbivory and vice versa. The demographic impacts of fire for different herbivores are complex however, and need to be resolved.
Whether the distinction between brown and black world was as clear in Africa in the past, before heavy stocking resulted in livestock consuming all available fuel in drier fertile systems, and before large non-ruminant herbivores were exterminated from wetter savannahs (electronic supplementary material, figure S3 ) is not known. Certainly, many of our large conservation areas maintain high levels of both fire and herbivory [75, 127, 128] . Thus, the patterns in figure 7 might be an artefact of human intervention, which maximizes herbivory at the expense of fire whenever it is possible.
Overall levels of consumption by herbivores are lower now than that in the past (table 3) . However, the form of consumption has switched from predominantly elephant, which can be considered to enable fire, to small and medium-sized livestock, which often compete with fire for grassy biomass. Non-elephant herbivory has doubled in most parts of . Density plots of the proportional consumption of herbivory relative to total consumption by rainfall band. A diptest identified a bimodality at 400-600 mm, 600-800 mm, 800-1000 mm and above 1600 mm MAR (marked in bold). Africa below 1000 mm rainfall (table 3 and [ 12] ). Thus drier ecosystems in Africa certainly burned more in the past, and wetter systems perhaps less-depending on how effective white rhino, buffalo and elephant were in removing fuels [129] . Moreover, although the total methane emissions from herbivory have decreased from historical levels, the amount emitted per unit biomass of animal has doubled (table 3) . The ecological effects of a shift from fire-controlled to herbivore-controlled landscapes are far-reaching. These two consumers select for contrasting traits in the woody [94] and herbaceous [70, 80] flora, resulting in floristically contrasting savannahs across the African continent. Moreover, the different spatio-temporal patterns and selectivity of fire and grazing (table 1) means that they have differential impacts on woody demographics: intense fires are the most effective way to top-kill large woody individuals [130] , although elephants can also achieve significant top-kill rates [131] and the combination of fires and elephants is crippling for large trees [132] . By contrast, herbivory is probably much more effective than fire in preventing establishment: seedlings have a whole growing season to become fire resistant [133] , but are constantly exposed to herbivory from small browsers and mixed feeders and this represents a strong bottleneck in more arid systems with low grass cover [134] . Herbivory therefore acts at the establishment phase, both fire and herbivory in the recruitment phase, and fire (with elephants) at the mature tree phase.
Clearly, there are new insights to be gained by equating fire and herbivory in units of dry matter consumed. However, much of the complexity of their interactions and ecological effects comes from the particular form of consumption. We used area burned and herbivore biomass to define consumer realms (figure 5c), and despite the bimodalities in DMI noted above these are both currently above average over approximately one quarter of sub-Saharan Africa. One would therefore expect these systems to be impacted ecologically by both consumers: plants would need adaptations that allow them to withstand both frequent fire and repeated defoliation.
The lack of spatial data on mammalian herbivory in the past has probably under-played its role in affecting the structure of tropical ecosystems. There is substantial field evidence from intermediate rainfall systems that both fire and browsing are required to suppress trees [86] [87] [88] . This is because they are complimentary in their spatial and temporal realms of action (table 1 ). An intense fire can act as a onceoff event to reduce woody size, but follow-up browsing is important for slowing tree growth rates before the next fire [86] . Clearly, closed canopies are possible across the entire rainfall gradient that encompasses savannahs [33] and the role of browsers in preventing these closed canopy systems need to be re-assessed (electronic supplementary material, figure S4) , especially in the light of expanding bush encroachment [135] .
Conclusion
Fire and herbivory prevail over much of the environmental gradient that encompasses savannah. However, their regions of impact differ: both in terms of biomass consumed and their ecological and biogeochemical effects. The form of fire and herbivory in any environment is key to understanding its impacts, and equating these two consumers in terms of their 'traits' (table 1 and figure 1) will enable better understanding of their relative roles as consumers.
In tropical grasslands, high grazer numbers clearly promote heterogeneous short-grass communities, which would act to restrict fire once they had spread beyond percolation threshold for fire. Moreover, frequent extensive fires clearly promote tall, caespitose grass communities, but the impacts of these different grass communities on grazer numbers depend on the environment as well as evolutionary history. Currently, in most parts of Africa biomass is predominantly consumed by either herbivory or fire. Whether this is due to human impacts maximizing herbivory at the expense of fire or intrinsic alternative stable state dynamics remains to be shown.
Equating fire and herbivory using common units of measure (dry matter consumed), and by finding similarities in their different characteristics (e.g. fire intensity versus body size/digestive pathway) will enable productive debate and analysis on their relative roles as global consumers-as well as the most appropriate ways to model them in DGVMs. It is their differences, however, that frame the dynamics of their interaction. Improved theory on the physics of fire spread and controls of herbivore demographics are required to untangle these.
Data accessibility. The data supporting this analysis are available by request from S.A.
